Abstract Quality of air in the clinical embryology laboratory is considered critical for high in vitro fertilization (IVF) success rates, yet evidence for best practices is lacking. Predominantly anecdotal reports on relationships between air quality and IVF success rates have resulted in minimal authentic clinical laboratory guidelines or in recommendations that are based on industrial cleanroom particulate standards with little attention to chemical air filtration. As a result, a nascent industry of costly, specialized air handling equipment for IVF laboratories has emerged to provide air quality solutions that have not been clearly assessed or verified. Clinics are embracing such technology because their embryology laboratories have become epicenters of assisted reproductive technology as the practice of IVF has moved to blastocyst transfers and utilization of trophectoderm biopsy for preimplantation genetic testing (PGT). Thus, a laboratory's ability to culture, biopsy, and freeze blastocysts is a rate-limiting step that depends on technical proficiency and a supportive and stable culture environment based on a foundation of high-quality ambient air. This review aims to describe how evidence for the importance of air quality, in particular the role of volatile organic compounds (VOC), has resulted in an evolution of clinical practice that has arguably contributed to improved outcomes.
During the 1990s, two approaches to indoor air quality emerged in the IVF laboratory: the clean room philosophy that focused on filtration of particles using high efficiency particulate air filters (HEPA) and the chemical air filtration philosophy that focused on removal of volatile organic compounds (VOCs) with solid-phase filtration (e.g., activated carbon and potassium permanganate (KMnO 4 )). Though the Boone laboratory initially reported an adverse effect of VOCs on mouse embryo development [1] , their laboratory responded to perceived adverse air quality caused by neighboring construction by converting their IVF laboratory and its heating, ventilation, and air conditioning (HVAC) unit into a Class 100 clean room [2] . A Class 100 clean room comprises numerous design features that includes a maximum of 100 particles ≥0.5 μm per cubic foot of air (ISO Class 5). While the system described by Boone [2] included carbon pre-filters, the extent of chemical air filtration appears minimal and no VOC testing was reported. In contrast, Cohen and colleagues [3] first described a detailed assessment of chemical air contamination and linked pregnancy rates to VOCs generated from neighboring space, construction, and cleaning activity. While it is likely that HEPA filters were used in the Cohen study, details of particle counts and the room classification were not provided.
The impact of these two approaches on laboratory design over the next two decades is illustrated in Fig. 1 
and can be
Capsule Quality of air in the clinical embryology laboratory is considered critical for high in vitro fertilization (IVF) success rates, yet evidence for best practices is lacking. This review aims to describe how evidence for the importance of air quality, in particular the role of volatile organic compounds (VOC), has resulted in an evolution of clinical practice that has arguably contributed to improved outcomes. grouped into three eras: awareness, application, and clinical evidence. While there are more than 30 reports, few are wellcontrolled, peer-reviewed papers. During the awareness era, the first published reports of adverse effects of poor indoor air quality (IAQ) on IVF outcomes appeared. In response to these mostly anecdotal observations, a boutique/cottage industry of both HVAC and portable air purification systems emerged, with the first report of a portable air filtration product for the IVF laboratory in 1999.
Research on factors that impact air quality identified medical gasses (CO 2 ), incubators [4] , and plastic ware [5] as contributors to VOCs in the lab, which led to the development of the Coda® incubator chamber air filter. Preliminary results of the Coda® were promising, with reports of increased clinical pregnancy rates [6] and decreased miscarriage rates [7] . Other groups did not observe a benefit of incubator filtration units [8, 9] , and the popularity of the incubator chamber unit at present is unknown. More recently, introduction of HEPA [10] or HEPA+VOC [11] filtration to incubators has not shown an improvement in IVF outcomes, results that likely contribute to their limited popularity. In contrast, another product developed in the late 1990s-the inline carbon filter for medical gasses-is ubiquitous in IVF laboratories, despite the fact that its effectiveness is largely unknown.
The second era of air quality in IVF laboratories began at the start of the twenty-first century, as awareness of a relationship between indoor air quality and IVF outcomes resulted in new air quality products and additional studies. During this phase, new standards for embryology laboratories in Europe and Brazil were introduced (reviewed by Esteves and Bento [12] ). It should be noted, however, that the EU tissue directive does not include solid-phase chemical filtration for VOCs and though the Brazilian regulatory directive includes the use of filters embedded with activated carbon, specifications are lacking. The standards for laboratories in the USA as published by the American Society for Reproductive Medicine (ASRM) are notably lacking in specifics regarding air quality [13] . Prior to the EU guidelines, a survey in Europe found that only 1 of 10 clinics had a system with VOC filtration [14] . In contrast, Van Voorhis et al. [15] reported that at least 7 of 10 consistently high-performing IVF centers in the USA used filtered laboratory air with HEPA and chemical, solid-phase filtration for VOCs. The difference between the two regions could be due to the fact that the US report was several years after the EU survey, or it may represent different practice patterns.
Air quality and IVF outcomes
The most recent era as presented in Fig. 1 represents a period where the impact of improving air quality on clinical IVF outcomes is gaining traction in the form of peer-reviewed studies. The studies in Table 1 compared clinical outcomes before and after a change in air quality, with most of the peer-reviewed papers appearing in the past 5 years. This section will discuss the evidence for the different approaches to air filtration.
Particulate filtration and cleanroom methods
Particulate filtration is often associated with cleanrooms because specifications are well established in sectors such as the semiconductor industry. Cleanroom classification is based on several factors, including the class of HEPA filter, room air exchanges per hour, and air pressure relative to neighboring rooms. International standards exist for clean rooms (ISO; reviewed by [12] ), and in general, these rooms are validated with particulate counts and microbiological monitoring. The specific requirements for IVF laboratories vary by country/ region [12] . Only 3 of the 8 studies listed in Table 1 indicate clean room specifications with appropriate particulate count monitoring: two as Class 100/ISO Class 5 [2, 12] and one Class B [16] . The other five studies indicate use of HEPA filtration without providing particle counts, suggesting that particle counts and cleanroom designation were not a primary consideration for the design of the systems. The lack of a strong association between particulates and IVF outcomes may be due in part to the nature of IVF: relatively short culture duration, culture under mineral oil, and the presence of antibiotics in culture media.
Chemical air filtration and the role of VOCs
Chemical air filtration, unlike filtration for particulates, is far from standardized. The amount and form of activated carbon and oxidizing media (KMnO 4 [17] . Carbon-impregnated filters, used by Boone and Esteves [2, 18] , were at one time considered sufficient but likely do not contain enough carbon to provide the required surface area and air residence time for effective VOC removal [17] . A more common approach is the use of activated carbon filter beds with KMnO 4 as a separate filter or impregnated on the carbon itself. The challenge of chemical air filtration is effective scrubbing-handling a large and variable VOC load in the presence of varying relative humidity. A relatively new method for removing VOCs is ultraviolet photocatalytic oxidation (UVPCO; [19] ), often combined with carbon filters. UVPCO uses the energy of UV lights absorbed by a semiconductor metal oxide (e.g., titanium oxide) to produce reactive species on the surface of the photocatalyst that then react with adsorbed VOCs. The photo-oxidation of VOCs leads to partial mineralization (i.e., conversion to CO 2 , water and other inorganic species) and also produces partially oxidized byproducts. Volatile byproducts can be released as secondary pollutants [20] and non-volatile byproducts remain attached to the surface of the catalyst, leading to partial deactivation [21] . The relative effectiveness of carbon media vs UVPCO is debatable, though both approaches provide considerably more air scrubbing capacity compared to standard carbon-impregnated filters. While each study listed in Table 1 noted an improvement in either laboratory or clinical outcomes or both, nearly every study performed an unmatched, retrospective analysis that did not account for possible differences in patient populations and practice changes that could be responsible for the observed differences in outcomes [2, 12, 22] . The report by Esteves and Bento [12] highlights the challenge of analyzing outcomes over a long period of time (>10 years). From 2000 to 2003, the authors found an improvement in cleavage rate, embryo quality, and clinical pregnancy rate after they changed from a class 1000 (ISO 6) to a class 100 (ISO 5) cleanroom using carbon-impregnated filters in the HVAC [18] . During the subsequent years up to 2011, VOC filtration was changed to KMnO 4 -impregnated carbon-activated filter beds and the number of embryos transferred per patient decreased, leading to no change in clinical pregnancy rates although there was an increase in high-quality embryos, particularly during the final 3 years. This study along with the other long-term cleanroom study (Boone) provides little evidence for benefit of the particulate filtration approach.
Evidence for benefits of VOC filtration is derived from mostly circumstantial, retrospective reports that lack statistical adjustment for patient population differences and practice changes [22] [23] [24] [25] . While these examples add to the limited evidence that air quality is positively associated with IVF outcomes, the study designs limit the strength of the conclusions. A notable exception is the recent report by Munch et al. where inadvertent removal of carbon filters resulted in poor embryo development compared to periods before or after the affected period [26] . Though key performance indicators (KPI) for laboratory variables such as fertilization rate and embryo utilization rate have not been developed industry-wide, the rate that fertilized oocytes cleaved to 2 cell embryos is sub-optimal at <90 % during the period without carbon filtration. Routine KPIs for cleavage rate are >90 % and typically >95 %. Two studies listed in Table 1 that reported this variable had similarly poor cleavage rates that improved after a change in air filtration (84.6 vs 94.7 %, [18] ; 90.8 vs 97.4 %, [24] ). Unlike the mostly retrospective studies in Table 1 , Munch et al. did an excellent job of matching sample sizes, study duration, and season. Furthermore, the clinic has a strong history of stable pregnancy rates and practice patterns [15, 27] . They applied statistical measures to account for multiple embryos per patient and performed subgroup analyses, all of which indicated that embryo development was adversely affected during the period lacking carbon filtration. This provides the best evidence to date for the importance of chemical air filtration.
Portable filtration applications
Another development from the air quality studies of the late 1990s was the introduction of the stand-alone VOC filtration unit (first proposed by Cohen et al. [3] ), raising the question of whether it is possible to overcome poor air quality with a less expensive in-room, portable solution. Similar to HVAC approaches, these portable air filtration units are available with carbon filtration or with UVPCO. Data on effectiveness of these portable units is minimal, though portable carbon filtration [28] and UVPCO units [29] in an IVF laboratory reduced concentrations of VOCs. There is even less evidence of benefit for clinical outcomes. Two of the studies in Table 1 included stand-alone systems in use at the start of the study and thus provide an opportunity to compare stand-alone units with a new system. In both studies, three periods were compared: pre-filtration, in-room portable filters, and in-room filters with a new air handler system [22] or specialty in-room purifier [24] . Dickey et al. [22] saw limited benefit after addition of in-room UVPCO units in an environment that did not contain VOC filtration. In contrast, Khoudja et al. [24] observed a decrease in some VOCs such as benzene but no change in formaldehyde after replacing carbon filters in several portable units. In spite of minimal changes in measured air quality in this latter study, fertilization and cleavage rate increased while implantation rate was not different. In both studies, addition of a final layer of VOC filtration resulted in improved embryo and pregnancy outcomes. Since portable air filtration units have significantly less capacity than HVAC systems, both in terms of carbon surface area and air flowrate, it is unlikely that they can provide the same degree of air quality in all conditions, though this requires further research.
Future directions
The recent multicenter, preliminary report on purpose-built HVAC systems for IVF laboratories [25] coupled with the activity of a well-financed HVAC specialty company will likely lead to more evidence that supports the importance of air quality in the IVF laboratory. These new systems appear robust and should offer world-class air quality, though at a significant cost upfront, operationally, and with ongoing maintenance. The question that many clinics are asking is whether such an extensive and expensive system is necessary. Implantation rates of >50 % in young patients are not uncommon in clinics without a specialized system. For high-performing centers, this new approach to air quality is akin to insurance, since a program never knows when it will need the filtering/cleansing power to combat a sudden drop in air quality. Like all areas of medicine, a cost-benefit analysis is needed. In order to determine the extent that a laboratory should filter its air, we need to know what the species and the concentration of VOCs that are harmful for gametes and embryos. This is a challenge because of the variable nature of different VOCs in room air. Since indoor air quality is impacted by outdoor air, which varies regionally, the observation that air pollution affects fertility [30] [31] [32] provides further evidence for the importance of air filtration.
Beyond room air, the quality of medical-grade gas is critical since in many incubators, particularly the benchtop styles, 100 % of the air is from premixed tanks. While the United States Pharmacopeia (USP) has limits for some chemical air contaminants in medical-grade gas, these limits are likely higher than what is safe for an embryo, an organism that lacks the defenses and organ systems of an adult human. In fact, one report suggested that toluene at 2.2-2.7 parts per billion (ppb) in room air affected implantation rates [33] . When acrolein, a reactive aldehyde that is a common air pollutant [34] , was added to embryo culture media, mouse embryos arrested at the 8-cell stage at 2.1 parts per million (ppm; 0.0375 mM) and live birth rate was reduced in as little as 0.58 ppm [35] . In addition, Karagouga et al. [36] found that 0.5 ppm acrolein in air for just 24 h during the zygote stage inhibited mouse embryo development. This effect was dependent on the concentration of albumin present in the culture media (Fig. 2) . Zygotes degenerated in protein-free medium, developed to the morula stage in medium containing 1 mg/mL albumin, and developed to blastocysts at a high rate in 5 mg/mL albumin. Since laboratory conditions are variable among clinics, a fourth group was included to test if the effects of VOCs are exacerbated by suboptimal conditions. Zygotes were cultured under mineral oil with known sublethal toxicity [37] . Zygotes lysed after reaching the 4-cell stage in medium containing 1 mg/mL albumin but again, development was protected when 5 mg/mL of albumin was included. Developmental competence was not tested, so it is possible that cell numbers or implantation rate was decreased in the latter group. These results illustrate the multifactorial nature of air quality and its relationship with culture conditions. HSA human serum albumin. Peroxide oil passed a standard one-cell mouse embryo assay [36] 
Conclusion
The evidence is clear that air quality impacts IVF outcomes, yet we have neglected to perform controlled studies on air quality. As a consequence, the field is left with minimal industry standards and costly solutions that are not evidence based. Assisted reproduction has experienced remarkable improvement over the past 20 years, progress that is the result of continuous research and development in many areas of fertility care. As reviewed by Van Voorhis et al., improvements in stimulation medications and protocols, fertilization rates with sperm injection, embryo culture media, embryo selection, incubator quality, and embryo transfer technique all contribute to the current state of clinical assisted reproduction [15] . Air quality, first addressed extensively in the late 1990s, has undoubtedly had a role in these improved outcomes. While there is little evidence that particulate filtration alone improves IVF outcomes, available evidence suggests that filtration systems should focus on robust VOC filtration. Further research is needed to effectively balance the benefits of air filtration systems with the costs.
